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W
hile it is debatable whether genetically increasing crop water use effi ciency is an eff ective strategy for increasing yield in dry environments (Condon et al., 2004; Blum, 2009) , forecasts of increasing scarcity of water for agriculture remain a strong motivation for improving crop water use effi ciency. Much work has focused on eff ects of crop management practices on water use effi ciency, and in C 3 species, the carbon isotope ratio provides a method to identify intraspecifi c variation in leaf transpiration efficiency (TE) (Farquhar and Richards, 1984; reviewed in Brugnoli and Farquhar, 2000) , the ratio of photosynthetic carbon dioxide assimilation (A) to transpiration (E). However, in C 4 species, carbon isotope ratios have not proven reliable indicators of TE (Henderson et al., 1998; Cabrera-Bosquet et al., 2009 ), and we are still reliant on measures of changes in plant mass and transpired water or leaf carbon dioxide and water vapor exchange rates.
The carbon dioxide concentrating system in C 4 plants can achieve carbon dioxide-saturated photosynthesis at substomatal carbon dioxide concentrations (C i ) in the range of 75 to 100 μmol mol -1 (e.g., Polley et al., 1992) . C 4 plants can thus maintain high A at much lower stomatal conductances (g s ) than C 3 species and generally have higher values of leaf TE (Tanner and 
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ABSTRACT
Field measurements of leaf gas exchange in maize (Zea mays L.) often indicate stomatal conductances higher than required to provide substomatal carbon dioxide concentrations saturating to photosynthesis. Thus maize leaves often operate at lower transpiration effi ciency (TE) than potentially achievable for species with C 4 metabolism. I tested whether several maize lines described as drought resistant or drought tolerant operated with higher leaf TE than less drought-adapted lines. Field measurements of leaf TE were conducted over two seasons for fi ve reputedly drought-resistant lines of maize and three locally grown lines not regarded as drought resistant. Midday photosynthesis, transpiration, stomatal conductance, and substomatal carbon dioxide concentration measurements were made under the ambient fi eld conditions of air temperature and humidity in Beltsville, MD. Soil moisture was not limiting. Consistent and signifi cant differences among the lines occurred for stomatal conductance, substomatal carbon dioxide concentration, and TE, but no signifi cant differences among the lines occurred in photosynthesis. One droughttolerant line had higher TE than all others tested, and one of the local lines had the lowest TE, but the drought-tolerant lines as a group did not have signifi cantly higher TE. It is concluded that signifi cant genotypic variation in leaf TE exists in maize, and that TE could be improved without reducing photosynthesis.
Sinclair, 1983). However, fi eld measurements of leaf gas exchange in maize often indicate C i much higher than those required to saturate A (Bunce, 2005) . In C 3 species, the utility of selecting for high water use effi ciency to improve crop performance under dry conditions varies, partly because of inverse relationships between water use effi ciency and A (Condon et al., 2004; Blum, 2009 ). In C 4 species operating with g s values higher than required to saturate A with carbon dioxide, there might not be such a trade-off , and selecting for higher TE could improve the effi ciency of water use without reducing A.
In sorghum [Sorghum bicolor (L.) Moench], genetic differences in whole plant TE during water stress under glasshouse conditions were not highly correlated with leaf TE measured by gas exchange under nonlimiting soil moisture conditions (Xin et al., 2009) . Maize is a relatively drought sensitive crop and is frequently grown with irrigation. In maize, it may be more useful to identify germplasm with high TE under nonstressed conditions rather than in dry soil. Although drought resistance could have many diff erent causes, examining reputedly drought-resistant maize lines for leaf TE seemed a logical fi rst step in attempting to identify lines with high leaf TE, when the number of lines that could be tested simultaneously was quite limited.
MATERIALS AND METHODS
A search was made in 2005 of the Germplasm Resources Information System (http://www.ars-grin.gov/npgs/index.html; verifi ed 23 Mar. 2010) of the U.S. National Plant Germplasm System for maize accessions that included "drought resistant" or "drought tolerant" as descriptors. Five such lines were selected for testing: three from Kansas and one each from Texas and Arizona (Table 1) . Three locally grown commercial lines were also tested: 'SS 885' (Southern States Cooperative, Richmond, VA), 'Pioneer 34K77' (Pioneer Hi-Bred International, Inc., Johnston, IA), and 'Silver Queen' sweet corn (Meyer Seed Co., Baltimore, MD). Silver Queen was included because it had high C i at low leaf to air water vapor pressure diff erences (LAVPDs) in a prior study (Bunce, 2005) .
All eight lines were grown in 2005 and 2006 at the South Farm of the Beltsville Agricultural Research Center, Beltsville, MD. The soil was a fi ne, loamy, mixed Fluvaquentic Dystrochrept with a water table at about 1.5 m depth. There were three replicate blocks containing all lines each year. Within each block, there were four rows of each line with 75 cm between rows, and 30 cm between plants within rows. Positions of lines within blocks were random. Plots were fertilized with 15 g m -2 of nitrogen, as ammonium nitrate, split between applications at plowing and at 35 cm crop height. Plots were planted in May of each year. Plots received only natural precipitation, but no signifi cant soil moisture defi cits occurred during the measurement periods.
Leaf gas exchange measurements were made three times during the month of July of each year, which included both vegetative and fl owering stages. Measurements were not made during grain fi lling, because upper leaf surfaces become covered with mildew growing on pollen stuck to the leaves, making leaf gas exchange measurements suspect. Leaf gas exchange was measured on clear days in full midday sunlight, using a CIRAS-1 portable photosynthesis system (PP Systems, Amesbury, MA). A sunlit 2.5 cm 2 section of a mature leaf was enclosed in a broad leaf cuvette and exposed to air at the ambient air temperature and 375 ± 5 μmol mol -1 external concentration of CO 2 . The boundary layer conductance for leaf material in the cuvette was 4.3 mol m -2 s -1
. The water vapor content of air entering the cuvette was set to 50 to 70% of that of outside air, depending on the day, so that on average the water vapor pressure of air around the measured section of leaves was equal to that of ambient outside air on a given day. The same fl ow rate through the cuvette (6.7 cm 3 s -1
) was used for all leaves. Steady state rates of A, g s , C i , and environmental conditions were recorded within 1 min of enclosing a section of a leaf in the cuvette. Tests showed that no change in g s in response to conditions inside the cuvette occurred in that time. One leaf of an interior plant of each line was measured in each of the three blocks on each date.
Mean air temperatures and water vapor pressure defi cits during the measurements varied from 27 to 34°C and 1.3 to 2.9 kPa, respectively, on the diff erent measurement dates (Table 2) . Because the inlet water vapor content and air fl ow rate through the leaf cuvette were constant on a given date, the LAVPD during the measurement was inversely related to the g s of the leaf. To prevent this eff ect from infl uencing the estimate of leaf TE, transpiration rates were recalculated for each leaf as the product of g s and the air saturation defi cit on that date. Xin et al. (2009) "normalized" transpiration rates similarly, but their scheme essentially used a LAVPD of 1 in all cases, whereas in this analysis evaporative demand varied across measurement dates. Normalizing transpiration to a LAVPD of 1 is the equivalent of what others have termed "intrinsic" leaf water use effi ciency, which is A/g s (Tanner and Sinclair, 1983) . At constant measurement carbon dioxide concentration, as in the present study, "intrinsic" water use effi ciency has no more information content than C i , because C i = C a -A/g s , where C a is the carbon dioxide concentration external to the leaf, so we tested for diff erences among lines in C i rather than intrinsic water use effi ciency. The leaf gas exchange parameters-A, g s , C i , and TE-of the lines were compared using 2-way ANOVA, with data classifi ed by line and measurement date and with means separated using Tukey's Honestly Signifi cant Difference groupings. Linear contrasts were conducted comparing the three local lines as a group with the drought-resistant lines as a group. Simple and multiple linear regressions were used to test for relationships among variables, using the whole data set. Tests were implemented using JMP v.5 (SAS Institute, Cary NC), and a probability level of 0.05 was used for all tests.
RESULTS
Signifi cant diff erences among the lines occurred for g s , C i , and leaf TE on each measurement date. The eff ect of measurement date was also signifi cant for all of these parameters, but the line × date interaction was not signifi cant for any of these parameters (Table 3 ; Fig. 1 ). The C i averaged over all lines ranged from 129 to 242 μmol mol -1 on the diff erent dates (Table 2) . Although A varied across measurement dates, no signifi cant diff erences among lines occurred for A on any three local lines, but diff erences between these groups in g s and leaf TE were not signifi cant (Table 3) . date or overall. PI 633727 (drought resistant) had signifi cantly lower g s and C i and higher leaf TE than any of the other lines (Table 3 , Fig. 1 ). SS 885 (not drought resistant) had the highest mean values of g s and C i and lowest TE, although these were not all signifi cantly diff erent from some of the other lines. There was no signifi cant correlation between the difference in C i of lines PI 633727 and SS 885 and the air saturation defi cit or temperature of the measurement date (not shown). Linear contrasts indicated that the drought-resistant lines averaged signifi cantly lower substomatal C i than the Across measurement dates, A was positively correlated with temperature and negatively correlated with air saturation defi cit (Table 4 ). The g s and C i were also negatively correlated with air saturation defi cit in each line (not shown). However, even the lowest C i values observed (about 90 μmol mol -1 ) were not limiting to A (Fig. 2) , and there was no signifi cant correlation between A and C i (r 2 = 0.014), although the trend was toward lower A at high C i .
DISCUSSION
There have been several studies documenting genetic variation in leaf and whole plant TE in sorghum (e.g., Peng and Krieg, 1992; Hammer et al., 1997; Balota et al., 2008; Xin et al., 2009 ) but very few comparing water use effi ciencies of maize lines. Hatlitligil et al. (1984 ), Trooien (1999 , and Norwood (2001) compared whole plant water use efficiency in maize lines diff ering in maturity time. Jeanneau et al. (2002) found that overexpressing phosphoenolpyruvate carboxylase increased intrinsic leaf water use effi ciency during drought in maize. Kanton and Dennett (2004) compared whole plant water use effi ciency in two maize lines diff ering in leaf angle. In this study, I found consistent diff erences in leaf TE among maize lines under fi eld conditions in Maryland. The highest and lowest TE lines diff ered on average by a factor 1.28 in TE, 1.38 in g s , and 1.37 in C i . The diff erences in TE resulted from diff erences in g s and not A. This indicates that high TE need not lower A in this C 4 species, at least not over a wide range of measurement conditions. At higher water vapor pressure deficits than occurred in these measurements, C i might have become low enough to limit A. However, higher water vapor pressure defi cits than encountered here are uncommon in many of the major areas of maize production.
The highest TE line came from the group of reputedly drought-resistant lines, and the lowest TE line was not drought resistant. However, the leaf TE, C i , and g s of the two groups overlapped considerably. One cannot conclude from this study that high TE is a common feature of drought-resistant maize lines, although it may contribute to the drought resistance of PI 633727.
It is known that diff erences in leaf g s translate into relatively smaller diff erences in transpiration at the canopy scale because of the presence of other resistances to water vapor movement and feedback processes (Jarvis and McNaughton, 1986 ). Many of these eff ects can be predicted from the leaf boundary layer conductance, g s , and the air temperature (Jarvis and McNaughton, 1986) . Using the mean midday value of these variables for maize grown in large plots in Beltsville and measured on seven dates (Bunce, 2006) , canopy transpiration would be predicted to diff er on average by about 32% as much as the diff erence in leaf g s . Thus SS 885 and PI 633727 would be expected to diff er by about 12% in midday canopy transpiration. At lower light, when stomatal conductance is lower, even larger relative reductions in canopy transpiration would occur if the relative diff erence Table 2 . The correlation between A and C i was not signifi cant at p = 0.05 (r 2 = 0.014).
in g s among lines remained the same. It is not known how light level aff ects the relative diff erences in g s among these maize lines. A decrease in canopy transpiration on the order of 10%, particularly if it came with no decrease in crop growth rate, could be of considerable value. PI 633727 is a promising resource for increasing maize leaf TE, but a wider search for high TE maize lines could reveal even larger diff erences among lines.
